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Summary
Anopheles gambiae, the major vector for the proto-
zoan malaria parasitePlasmodium falciparum, mounts
powerful antiparasitic responses that cause marked
parasite loss during midgut invasion. Here, we
showed that these antiparasitic defenses were com-
posed of pre- and postinvasion phases and that the
preinvasion phase was predominantly regulated by
Rel1 and Rel2 members of the NF-kB transcription fac-
tors. Concurrent silencing of Rel1 and Rel2 decreased
the basal expression of the major antiparasitic genes
TEP1 and LRIM1 and abolished resistance of Anophe-
les to the rodent malaria parasite P. berghei. Con-
versely, depletion of a negative regulator of Rel1, Cac-
tus, prior to infection, enhanced the basal expression
of TEP1 and of other immune factors and completely
prevented parasite development. Our findings un-
cover the crucial role of the preinvasion defense in
the elimination of parasites, which is at least in part
based on circulating blood molecules.
Introduction
Infectious diseases caused by protozoa, such as ma-
laria, sleeping sickness, Chagas’ disease or leishmania-
sis, are a major threat to human health. Most of these
pathogenic single-celled organisms have complex life
cycles and are transmitted to humans by vector insects.
An example is the transmission by the mosquito Anoph-
eles gambiae of the major causative agent of human
malaria in sub-Saharan Africa, the protozoan parasite
Plasmodium falciparum. It is now well established that
the insect vector reacts to the invasion of the parasite
by mounting an immune response (reviewed in Blandin
and Levashina [2004]). Indeed, in the laboratory model
conventionally used for the study of malaria transmis-
sion, i.e., A. gambiae carrying P. berghei, insect immune
proteins were shown to affect parasite development
within the mosquito midgut (Blandin et al., 2004; Michel
et al., 2005; Osta et al., 2004). The first of the proteins
to be identified is a thioester-containing protein, with
substantial similarity to complement factors C3, C4,
C5, and to a2-macroglobulins, and referred to as TEP1
(Levashina et al., 2001). This protein is produced in the
mosquito blood cells, binds to the surface of the invad-
ing parasite and induces its killing (Blandin et al., 2004).
*Correspondence: e.levashina@ibmc.u-strasbg.frThe mechanism of the TEP1-dependent parasite recog-
nition and killing is currently under investigation. Expres-
sion of TEP1 and that of other genes involved in anti-
parasitic responses, is induced during P. berghei
infection (Blandin et al., 2004; Dimopoulos et al., 2002;
Osta et al., 2004), but the regulation of this expression re-
mains largely unknown and is the focus of the present
study.
It is generally accepted that the host defenses in
insects are predominantly inducible. In Drosophila
melanogaster, the best-studied insect model organism,
bacterial or fungal infection triggers activation of two
major intracellular signaling cascades, Toll and Imd.
The Toll and Imd pathways activate two distinct NF-
kB-IkB transcription modules in the adult fruit flies: (1)
Dif and Cactus and (2) Relish, a composite molecule
which has a C-terminal inhibitory domain equivalent to
Cactus (reviewed in Hoffmann [2003]). The Anopheles
genome contains two genes coding for NF-kB (or Rel)
family members: Rel1 (also known as Gambif1) and
Rel2 (also known as Relish), as well as a gene encoding
an ortholog of Drosophila Cactus (Barillas-Mury et al.,
1996; Christophides et al., 2002).
To address the regulation of immune genes during
Plasmodium infection in mosquitoes, we have chosen
the TEP1 gene which contains in its promoter region se-
quence motifs similar to the canonical NF-kB binding
sites and for which a wealth of information and tools
are now available. Our analysis was further extended
to genes, whose silencing positively (leucine-rich repeat
immune protein 1, LRIM1; Anopheles Plasmodium-
responsive leucine-rich repeat 1, APL1) or negatively
(C-type lectin 4, CTL4; serpin 2, SRPN2) affects Plasmo-
dium development in a mosquito (Michel et al., 2005;
Osta et al., 2004; Riehle et al., 2006). We focused on
the midgut stages of invasion of the rodent malaria
parasite P. berghei. After an infected blood meal, the fu-
sion of male and female gametes generates a diploid
motile zygote, the ookinete, which rapidly invades the
epithelial cells of the mosquito and upon reaching the
basal side of the midgut, transforms into an oocyst.
Two weeks later, the sporogonic oocyst releases thou-
sands of newly formed sporozoites that migrate to and
invade the salivary glands. The parasite cycle within
the mosquito is completed when the sporozoites are
injected into a mammalian host during a mosquito bite
(reviewed in Sinden [2002]). The results presented here
demonstrate that indeed NF-kB (Rel) factors are impor-
tant in the regulation of antiparasitic genes in the mos-
quito. Using transcriptional profiling and cell biology
methods, we described preinvasion and postinvasion
phases in the antiparasitic response of Anopheles. The
preinvasion phase was characterized by a basal expres-
sion of the major antiparasitic genes TEP1 and LRIM1
and was regulated by both Rel1 and Rel2. The proteins
produced during this phase are poised to encounter
invading parasites at the initial steps of invasion and de-
termine the constitutive protection to which we refer as
basal immunity. Our results further indicated that TEP1
was secreted from the blood cells in a regulated fashion
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involved a marked increase in transcription of TEP1,
LRIM1, and CTL4 and culminated in protein synthesis
by the blood cells. Although the role of the postinvasion
responses remains to be fully established, we demon-
strated here the critical role of basal immunity in the an-
tiparasitic responses of A. gambiae. Thus, decreasing
the basal immunity by silencing NF-kB mitigated mos-
quito resistance toPlasmodium, whereas boosting basal
immunity completely blocked parasite development.
Results
Rel1 and Rel2 in the Regulation of Antiparasitic
Responses
In mosquitoes, double-stranded RNA (dsRNA) treat-
ment is efficient in silencing the expression of genes in
immune-responsive tissues, such as the blood cells,
the fat body, and the midgut epithelium (Blandin et al.,
2002). To explore whether NF-kB (see Figure S1 in the
Supplemental Data available with this article online for
gene organization) is involved in the control of TEP1
expression, 1-day-old females were injected with either
dsRel1, dsRel2, dsRel1 and dsRel2, or dsLacZ as a con-
trol to ensure that the observed effects did not simply
reflect the dsRNA treatment. In all experiments, Rel2
was targeted concomitantly using two dsRNAs against
both the Rel homology and the ankyrin domains to
achieve complete silencing of this complex gene (Mei-
ster et al., 2005). Four days after dsRNA injection, the
mosquitoes were allowed to feed on an infected mouse
carrying GFP parasites (Franke-Fayard et al., 2004), and
TEP1 expression was evaluated by quantitative real-
time PCR at selected time points after infection. In the
control dsLacZ-injected mosquitoes, TEP1 was consti-
tutively expressed at a substantial amount before infec-
tion and was upregulated by 3-fold 24 hr postinfection
(hpi; Figure 1A). The upregulation of transcription was
transient, as the amounts of transcripts of TEP1 were
back to the initial preinvasion figures already at 48 hpi.
Neither the depletion of Rel1, of Rel2, nor that of Rel1
and Rel2 markedly affected the fold induction of TEP1,
indicating that thePlasmodium-dependent upregulation
of TEP1 expression does not require NF-kB family
members (Figure 1A). Similar expression patterns were
observed for CTL4, whereas infection-induced expres-
sion of LRIM1 was predominantly regulated by Rel2
(Figure 1A). In contrast, expression of SRPN2 and APL1
was not induced byP. berghei infection (data not shown).
We next turned our attention to the expression of
TEP1, LRIM1, CTL4, SRPN2, and APL1 before infection
(preinvasion period) and analyzed whether they were de-
pendent on NF-kB members. In uninfected mosquitoes,
the expression ofTEP1andLRIM1was markedly lower in
Rel1 and Rel2 double knockdowns, as compared to
dsLacZ controls. Single Rel1 or Rel2 knockdowns did
not substantially affect the expression of these genes
(Figure 1B). The basal expression of CTL4, SRPN2, and
APL1 genes was not changed by any perturbations, sug-
gesting that in the examined conditions, the regulation of
expression of these genes is independent of NF-kB
(Figures 1A and 1B and data not shown).
The fact that NF-kB regulates the basal, preinvasion
expression of TEP1 was further confirmed at the proteinlevel by immunoblotting. The TEP1 antibody recognizes
a full-length and a cleaved form of TEP1 in the hemo-
lymph of control mosquitoes (Levashina et al., 2001).
The intensity of the TEP1-positive signal was clearly de-
creased in the hemolymph of double Rel1 and Rel2
knockdown, as well as in the Rel2 knockdown mosqui-
toes 4 days after dsRNA injection (Figure 1C).
We extended our analysis to the cellular expression of
TEP1 using immunofluorescence at 18, 24, and 48 hpi. In
these experiments, we examined whole-mount prepara-
tions of blood cells attached to the abdominal walls
using the TEP1 polyclonal antibody and FITC-labeled
annexin V. We observed that annexin V interacts with
the mosquito blood cells, and, therefore, used it in our
study as a hemocyte marker. TEP1 signal was consis-
tently observed in the hemocytes of control mosquitoes
and persisted up to 18 hpi, i.e., the time when the first
wave of invading ookinetes egress from the basal side
of the midgut cells (data not shown and Figure 1D). Inter-
estingly at 24 hpi, hemocytes appeared devoid of TEP1,
suggesting that the parasite infection induced massive
TEP1 secretion. The signal was again clearly detectable
at 48 hpi pointing to a replenishment phase of the pro-
tein in the blood cells, which is consistent with the
transcriptional data on TEP1 upregulation at 24 hpi pre-
sented above (see Figure 1A). As expected, the immuno-
fluorescence signals were barely detectable in double
Rel1 and Rel2 knockdowns at 18 hpi, which in the con-
text of infection we consider as a preinvasion period,
as the majority of ookinetes were just about to reach
the basal side of the midgut (Figure 1D). The TEP1 signal
was low, but detectable in the dsRel2-treated mosqui-
toes and was similar to controls in Rel1 knockdown. At
24 hpi, hemocytes were devoid of TEP1 signal in all
types of knockdowns, as was the case in the controls.
Importantly, the clear replenishment of TEP1 in hemo-
cytes observed in controls at 48 hpi was not affected
by depletion of any of the NF-kB factors examined, con-
firming the transcriptional data of NF-kB independence
presented above.
Taken together, our results indicate that antiparasitic
responses inA. gambiae can be divided into preinvasion
and postinvasion phases. The preinvasion period is
characterized by a basal expression of TEP1 and
LRIM1 (hereafter referred to as basal immunity) regu-
lated by Rel1 and Rel2. The massive secretion of TEP1
at 24 hpi coincided with the transcriptional upregulation
of its expression and is probably controlled by a feed-
back mechanism aimed at replenishing the protein
depleted from the circulation, or by an as-yet-unknown
signaling cascade. We conclude that the NF-kB factors
Rel1 and Rel2 are dispensable for the parasite-induced
upregulation of TEP1. In contrast, postinvasion induc-
tion of expression of LRIM1 required Rel2, demonstrat-
ing that the Rel2 signaling module can be induced by
P. berghei infection. To evaluate the role of preinvasion
and postinvasion phases on the efficiency of P. berghei
killing, we gauged the effect of NF-kB gene silencing on
parasite development.
Silencing of Basal Immunity Mitigates Resistance
of A. gambiae to P. berghei
We examined whether silencing of Rel1 or Rel2 or both
would affect mosquito resistance to P. berghei. In these
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679Figure 1. Expression of Immune Genes at Different Time Points after an Infectious Feeding with P. berghei, in Rel1- and/or Rel2-Depleted
Mosquitoes
(A) TEP1 expression measured by quantitative real-time PCR 0, 7, 24, or 48 hr after an infectious feeding. Mosquitoes were injected with dsRNA
specific for LacZ as a control (dsLacZ),Rel1 (dsRel1),Rel2 (dsRel2), orRel1 and Rel2 (dsRel1-dsRel2) 4 days before infection. Transcript expres-
sion was normalized using an internal control transcript for mitochondrial carrier protein (MC) and are shown as fold induction relative to the
expression of each gene before infection (time 0). Mean values and standard deviations of three to five independent experiments are plotted
for each time point (10 mosquitoes per point).
(B) Comparison of the basal TEP1, LRIM1, and CTL4 expression 4 days after injection of dsRel1, dsRel2, and dsRel1-dsRel2 relative to the
expression level of each gene in the dsLacZ control.
(C) Representative of three immunoblotting analyses of the hemolymph of dsLacZ, dsRel1, dsRel2, and dsRel1-dsRel2 mosquitoes collected
4 days after injection of dsRNA. Hemolymph of 15 mosquitoes was used for each experimental group. TEP1 antibody recognizes a full-length
(TEP1-F) and a cleaved (TEP1-C) form. An antibody against a hemocyte-specific prophenoloxidase (PPO) of A. gambiae was used as a loading
control. Molecular weight scale is on the left.
(D) TEP1-positive signal (red) is detected in the hemocytes attached to the mosquito abdominal cuticles stained with annexin V (green) 18, 24,
and 48 hr after infectious feeding. dsRNAs for LacZ (control), Rel1, Rel2, and Rel1-Rel2 were injected 4 days before infection. Nuclei are stained
with DAPI (blue). Scale bars, 20 mm.experiments, we injected dsRNA 4 days before infection
and counted the number of live GFP-expressing oocysts
on the dissected midguts in control and experimental
mosquitoes 10 days postinfection (dpi). Depletion of
Rel1 or Rel2 did not substantially affect parasite survival
within the mosquito, suggesting that the Rel2-depen-
dent second phase of antiparasitic gene expression
does not markedly contribute to parasite killing (Fig-
ure 2). In contrast, a significant 2-fold increase in theparasite numbers was observed in the dsRel1-dsRel2
mosquitoes, which were partially depleted for TEP1
and LRIM1 (see previous section). Thus, the basal im-
munity plays an important role in the mosquito resis-
tance to P. berghei. We also observed melanized para-
sites in dsRel2 and in dsRel1-dsRel2 mosquitoes,
suggesting that the Rel2 signaling module negatively
controls expression of genes involved in melanization
reactions.
Immunity
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of Immune Genes
As shown above, decreasing the basal immunity mark-
edly affects the susceptibility of mosquitoes to parasite
infections. To provide additional evidence for the role of
the NF-kB family members in the control of basal immu-
nity, we boosted the preinvasion immune gene expres-
sion by silencing the gene encoding the negative regula-
tor Cactus (IkB). Indeed, TEP1 expression was markedly
increased 12 hr after injection of dsCactus (Figure 3A).
Importantly, the concomitant depletion of Cactus and
Rel1 reduced TEP1 expression down to those of con-
trols. In contrast, the increased expression of TEP1
was not affected in the dsCactus-dsRel2 mosquitoes,
indicating that transcriptional upregulation of TEP1 in
the Cactus-deficient background was strictly depen-
dent on Rel1 and independent of Rel2. The Rel1-depen-
dent upregulation of TEP1 transcription was corrobo-
rated at the protein level by immunoblotting. The
TEP1-positive signal in the hemolymph was stronger in
dsCactus than in control mosquitoes at 4 days after
dsRNA injection (Figure 3B). Furthermore, the transcrip-
tional upregulation of TEP1 and the subsequent de novo
protein synthesis induced by Cactus knockdown was
dependent on Rel1, as lower amounts of TEP1 were
observed in double Cactus-Rel1 knockdown than in
dsCactus mosquitoes. We also examined the induction
of TEP1 expression at the cellular level 20 hr after dsRNA
injection. A strong TEP1-positive signal was detected
in blood cells of dsCactus but not dsLacZ or dsCac-
tus-dsRel1 mosquitoes indicating that the Cactus-
Figure 2. Survival of P. berghei Parasites in the NF-kB-Depleted
Mosquitoes
Survival of GFP parasites in mosquitoes depleted for Rel1, Rel2, or
Rel1 and Rel2 is compared to control dsLacZ-injected mosquitoes.
Midguts were dissected 10 days after infection and fixed. GFP-
expressing oocysts and melanized ookinetes were scored by mi-
croscopy. Data collected from four independent experiments were
treated by Kolmogorov-Smirnov goodness of fit test and pooled, re-
sulting sample sizes shown in brackets. Statistically significant
differences between samples were evaluated by Mann-Whitney
test, and the p value shows significant differences between dsLacZ
controls and double dsRel1-dsRel2 knockdowns. The number of
developing parasites (live oocysts or melanized ookinetes) in each
midgut is shown as filled green and black circles, respectively. Black
bars represent mean parasite numbers per group.Rel1-dependent upregulation of TEP1 expression is
cell autonomous (Figure 3C).
We extended our analysis to other genes involved in
antiparasitic responses. Strikingly, we found that the
basal expression of LRIM1,CTL4, and, to a lesser extent,
of SRPN2 were also upregulated by depletion of Cactus
in a Rel1-dependent manner (Figure 3D). We noted that
the transcription ofAPL1was not affected by Cactus de-
pletion (data not shown). In D. melanogaster, Cactus
negatively controls expression of a number of immune
genes, including antimicrobial peptides in the blood cells
and in the fat body (Irving et al., 2001). To test whether in
Anopheles depletion of Cactus would also result in
a general induction of antimicrobial peptide genes, we
extended our analysis to the expression of Cecropin 1
and 3, Defensin, and Gambicin and noted that they
were not affected in dsCactus mosquitoes (Figure 3E).
Our results indicate that the signal-independent activa-
tion of the Cactus-Rel1 module leads to the upregulation
of negative (TEP1 and LRIM1) and positive (SRPN2 and
CTL4) regulators of P. berghei development.
Expression of Immune Genes during
P. berghei Infection
The results, reported in the previous section, focused on
the preinvasion period in dsCactus-treated mosquitoes.
We next followed TEP1 at the protein and transcriptional
levels in Cactus-deficient mosquitoes after infection
withP. berghei. To do so, we examined TEP1 expression
in blood cells at 18, 24, and 48 hpi by immunofluores-
cence as described above. We observed a very strong
TEP1 signal at 18 hpi (Figure 4A). Strikingly, the TEP1
signal was barely detectable at 24 hpi, confirming our
observation that parasite invasion causes massive se-
cretion of TEP1 at this time point (see Figure 1D). Finally,
a TEP1-positive signal was detected at 48 hpi, reflecting
replenishment of the pool of the protein in the blood
cells.
These results were confirmed at the transcriptional
level. As expected, the basal expression of TEP1 in the
Cactus-deficient mosquitoes was 3-fold higher than in
controls 4 days after injection of dsCactus, i.e., at the
time selected for Plasmodium infection (Figure 4B,
time point 0). We found that in the Cactus-deficient
background, infection further upregulated expression
of TEP1 by 3-fold at 24 hpi. However, the depletion of
Cactus did not change the transient character of this
parasite-dependent induction, as the transcript expres-
sion of TEP1was back to those of control mosquitoes at
48 hpi. Similar transcriptional profiles were observed for
LRIM1, CTL4, and SRPN2, suggesting that the effects of
Cactus depletion persist through P. berghei infection
and enhance postinvasion response.
Boosting the Rel1-Dependent Basal Immunity Aborts
P. berghei Development
We examined whether the increased TEP1 expression
observed in dsCactus mosquitoes affected the binding
of TEP1 to the ookinetes. For this, we compared the tim-
ing of TEP1 binding to parasites and their subsequent
elimination in control and Cactus-deficient mosquitoes
by fluorescence microscopy (Figure 5A). Depletion of
Cactus resulted in rapid parasite killing: at 18 hpi,
more than 40% of observed ookinetes were positive
NF-kB-Dependent Basal Immunity in A. gambiae
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Basal Expression of Immune Genes
(A) Expression of TEP1 0, 12, and 18 hr after
injection of dsLacZ (control), dsCactus,
dsCactus-dsRel1, and dsCactus-dsRel2.
(B) Representative of three independent im-
munoblotting analyses of the hemolymph
from control LacZ-, Cactus-, and Cactus-
Rel1-depleted mosquitoes (15 mosquitoes
per group). Hemolymph was collected 0, 1,
and 4 days after dsRNA injection. TEP1 poly-
clonal antibody recognizes a full-length
(TEP1-F) and a cleaved form (TEP1-C) of the
protein. Antibody against hemocyte-specific
prophenoloxidase (PPO) of A. gambiae was
used as a loading control. Molecular weight
scale is on the left.
(C) Immunofluorescence analysis of the mos-
quito hemocytes attached to the abdominal
cell walls stained with annexin V (green) and
with an anti-TEP1 antibody (red) 20 hr after in-
jection of dsLacZ (control), dsCactus or
dsCactus-dsRel1. The mosquito blood cells
expressing TEP1 (red) were labeled with an-
nexin V (green). Inserts show enlarged images
of representative hemocytes. Nuclei are
stained with DAPI (blue). Scale bars, 20 mm.
(D) Expression of LRIM1,CTL4, and SRPN2 0,
12, and 18 hr after injection of dsLacZ
(control), dsCactus, dsCactus-dsRel1, and
dsCactus-dsRel2.
(E) Expression of Defensin, Gambicin, Cecro-
pin 1, and Cecropin 3 at 0, 12, and 18 hr after
injection of dsLacZ (control) and dsCactus.
In (A), (D), and (E), expression of transcripts
was normalized using an internal control
transcript for ribosomal protein S7 and are
shown as fold induction relative to the ex-
pression levels of each gene before injection
of dsRNA (point 0). Mean values 6 SEM of
three to four independent experiments (10
mosquitoes per group) are plotted.for TEP1 staining and were dead, as judged by the ab-
sence of GFP fluorescence. Strikingly, at that time point,
only 4% of the observed ookinetes in control mosqui-
toes were labeled with TEP1. The differences in parasite
killing rate between dsCactus and controls persisted un-
til 24 hpi. By 48 hpi, we were unable to detect live or dead
parasites in the dsCactus mosquitoes, suggesting that
all parasites were killed and cleared before they could
establish an infection and transform into young oocysts.
To ensure that parasite development was completely
aborted in dsCactus mosquitoes, we scored fluorescent
developing oocysts on dissected midguts 10 days after
infection. No liveGFP-expressing parasites could be de-
tected (Figures 5B and 5C, compare dsLacZ and dsCac-
tus). Some dead ookinetes were covered with melanin
(Figure 5B, black arrowheads), but their numbers were
substantially lower than the number of live parasites ob-
served in controls (Figure 5C). The melanization pheno-
type resembled that of Rel2 knockdown, suggesting
that the ankyrin domain-containing proteins Rel2 and
Cactus negatively regulate activation of melanization
reactions.
To address the identity of the partner of Cactus in par-
asite killing, we coinjected dsCactus with either dsRel1
or dsRel2. The coinjection of dsRel1 totally reversed
the dsCactus phenotype and resulted in parasite sur-vival at a level close to that of control mosquitoes (Fig-
ures 5B and 5C). In contrast, dsRel2 had no effect on
parasite survival in the Cactus-deficient background
(Figures 5B and 5D). These data established that boost-
ing the Rel1-mediated facet of basal immunity was suf-
ficient to completely abort parasite development in the
midgut. Surprisingly, we did not detect any melanized
parasites in the double knockdown Cactus-Rel2 mos-
quitoes. Thus, the regulation of melanization reactions
appears to be complex, as the depletion of a single an-
kyrin domain-containing protein was sufficient to acti-
vate melanization of dead parasites, whereas this reac-
tion was aborted in mosquitoes depleted for both
ankyrin-containing factors.
The data presented so far indicate that Cactus deple-
tion causes parasite killing and that TEP1 and/or LRIM1
are involved in this process. We further examined
whether depletion of TEP1 or LRIM1 could reverse the
Cactus-deficient phenotype and rescue development
of the parasites. Silencing of TEP1 and of LRIM1 abol-
ished parasite melanization and resulted in susceptibil-
ity of Cactus-deficient mosquitoes to the parasite (Fig-
ure 5E and data not shown). However neither TEP1
nor LRIM1 knockdown nor TEP1-LRIM1 double knock-
down were able to fully rescue dsCactus phenotype
(Figure 5E). These results indicate that TEP1- and/or
Immunity
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during P. berghei Infection
(A) Immunofluorescence analysis of the mos-
quito hemocytes attached to the abdominal
cell walls stained with annexin V (green) and
with an anti-TEP1 antibody (red) 18, 24, and
48 hr after infectious feeding. DsCactus was
injected 4 days before infection. Nuclei are
stained with DAPI (blue). Scale bars, 20 mm.
(B) TEP1, LRIM1, CTL4, and SRPN2 expres-
sion levels are measured by quantitative
real-time PCR 0, 7, 24, and 48 hr after an
infectious feeding in dsLacZ and dsCactus
mosquitoes. Transcript levels were normal-
ized using an internal control transcript for
mitochondrial carrier protein (MC) and are
shown as fold induction relative to the ex-
pression levels of each gene before infection
(time 0). Mean 6 SEM of 3 to 5 independent
experiments are plotted for each time point
(10 mosquitoes per point).LRIM1-mediated killing is not the only mechanism that
blocks parasite development in dsCactus mosquitoes.
Thus, Cactus-Rel1-dependent basal immunity relies on
more than one killing mechanism, and these mecha-
nisms collaborate to abort Plasmodium development.
Discussion
The data presented here established a crucial role of
NF-kB proteins Rel1 and Rel2 in the regulation of ex-
pression of two key antiparasitic factors, TEP1 and
LRIM1. However, contrary to our initial expectation,
the role of NF-kB was exerted primarily in anticipation
of the infection. Although Plasmodium infection induces
upregulation of TEP1 and LRIM1 expression, the latter in
a Rel2-dependent manner, we propose that this upregu-
lation during the postinfection period is not directly
involved in parasite killing (see below).
It is convenient to consider separately a preinvasion
and a postinvasion period in the antiparasitic response
of Anopheles. The preinvasion period is characterized
by a basal expression of the major antiparasitic genes
TEP1 and LRIM1 and is regulated by both Rel1 and
Rel2. The proteins produced during this phase are
poised to encounter invading parasites during the initial
steps of invasion and will determine the constitutive pro-
tection. We assume that the players of this basal immu-
nity, exemplified here by TEP1 and LRIM1, are perma-
nently circulating in the hemolymph and come into
contact with the parasites once the latter have reached
the basal side of the midgut epithelium. Our previous
study showed that TEP1 binds to the invading ookinetes
and mediates, through an as-yet-unknown mechanism,
killing of the parasites (Blandin et al., 2004). The results
reported here further indicate that TEP1 is secreted by
the blood cells in a regulated fashion at early time points
of invasion and is replenished after active transcriptional
induction during the postinvasion phase. This replenish-
ment is NF-kB independent, but its control at the tran-
scriptional level remains unclear. The analysis of the
TEP1 promoter region revealed the presence of several
motifs that could be recognized by other transcriptional
factors including STATs, GATA, and Forkhead. Furtherstudies will determine the nature of the postinvasion
regulation of TEP1 expression and its role in the antipar-
asitic defense.
To our knowledge, this is the first demonstration of the
crucial role of basal immunity in antiparasitic responses
of A. gambiae. Our conclusion is based on two major
observations: decreasing the basal immunity results in
a 2-fold increase in the number of parasites developing
in the mosquito midgut, and boosting the basal immu-
nity is sufficient to completely block parasite develop-
ment. In both cases, the modulation of the basal immu-
nity, exemplified here by TEP1 and LRIM1 expression,
was achieved through depletion of the NF-kB-IkB family
members. Silencing of NF-kB genes Rel1 and Rel2
decreased the basal TEP1 and LRIM1 expression by
70%, whereas depletion of Cactus resulted in a 3-fold
transcriptional induction of these genes.
NF-kB factors regulate many important physiological
processes in animals throughout the development. To
make sure that the observed phenotypes were not due
to impaired functioning of blood cells, we examined
the cell morphology and the expression patterns of a
set of selected hemocyte-specific genes. Our results
indicate that depletion of NF-kB factors in adult mosqui-
toes does not result in global changes in the hemocyte
and fat body morphology. Moreover, we showed that
expression of CTL4, SRPN2, and APL1 was not affected
in Rel1-Rel2 knockdowns. Instead, we observed modu-
lation of expression for a limited number of genes,
illustrated here by TEP1 and LRIM1. Similarly, the
constitutive activation of Rel1 in the Cactus-deficient
background induces expression of some but not all im-
mune genes, as demonstrated here by the absence of
induction of expression of genes encoding antimicrobial
peptides.
The full abortion of parasite development by manipu-
lating a single component of an immune cascade has
not been reported so far, to the best of our knowledge.
The simple and robust experimental procedure which
we describe here provides a powerful model to dissect
the molecular and cellular mechanisms that govern par-
asite killing. Until now, TEP1 and LRIM1 were the only
players reported to be involved in parasite killing at the
NF-kB-Dependent Basal Immunity in A. gambiae
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A. gambiae
(A) Midguts of Cactus-depleted and control mosquito were dissected 18, 24, and 48 hr after an infection with GFP parasites (green), fixed, and
incubated with an anti-TEP1 antibody (red). Nuclei were stained with DAPI (blue). The fluorescence image is a reconstruction of 11 optical
sections (Apotome, Zeiss) and shows a microscopic field displaying GFP-positive (GFP+, live, green), TEP1-positive (TEP+, dead, red), and
both TEP1- and GFP-positive (TEP1+GFP+, dying, yellow) parasites. Parasite numbers in each class were scored and are shown in the pie chart
as the mean percentage obtained from four independent experiments (5–11 midguts per experimental point).
(B, C, D, and E) Females were infected 4 days after injection of dsRNA, and midguts were dissected 10 days later and fixed. Survival ofP. berghei
parasites in control dsLacZ, Cactus-depleted (dsCactus), and in dsCactus-dsRel1, dsCactus-dsRel2 mosquitoes.
(B) Representative overlay images of bright field and GFP channel of dissected midguts showing parasite development in the dsRNA-injected
mosquitoes. Black arrowheads point to melanized ookinetes in dsCactus. Scale bars, 250 mm.
(C, D, and E) GFP-expressing oocysts and melanized ookinetes were scored 10 days after infection. Data collected from four independent
experiments were treated by Kolmogorov-Smirnov goodness of fit test and pooled, resulting sample sizes are shown in brackets. Statistically
significant differences between samples were evaluated by Mann-Whitney test and p values are plotted on the graph. The number of developing
parasites (live oocysts or melanized ookinetes) in each midgut is shown as filled green and black circles, respectively. Black bars represent mean
parasite numbers per group.
(C) Survival of P. berghei parasites in control dsLacZ, Cactus-depleted (dsCactus), and in dsCactus-dsRel1 mosquitoes.
(D) Survival of P. berghei parasites in control dsLacZ and in dsCactus-dsRel2 mosquitoes.
(E) Survival of P. berghei parasites in control dsLacZ, dsCactus-dsTEP1, and dsCactus-dsLRIM1 mosquitoes.ookinete stage. But our results obtained in the double
Cactus-TEP1 and Cactus-LRIM1 knockdown mosqui-
toes clearly showed that Cactus deficiency is a complex
phenotype and that other molecules must contribute to
parasite killing in this genetic background. Identifying
the other proteins that contribute to the NF-kB-induced
parasite killing in the early phases of infection is one ofthe most challenging questions in the field. Thus, the
dsCactus model and the identification of genes regu-
lated by the Cactus-Rel1 signaling module will be of
major interest in this respect.
We have yet to determine how the activities of the
NF-kB proteins are regulated during the preinvasion
and postinvasion phases. Constitutive expression of
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systems (see Tergaonkar et al. [2005] and references
therein). At present, our understanding of the intracellu-
lar signaling cascades which are potentially involved in
NF-kB activation in Anopheles are too fragmentary to
warrant a meaningful discussion. Suffice to say, the
components of the Imd pathway in Anopheles, namely
Rel2 and Imd itself, are required for resistance of the
mosquitoes to bacterial infections as the survival to mi-
crobial infections is compromised in Imd and Rel2
knockdowns (Meister et al., 2005). Furthermore, simi-
larly to studies in Aedes aegypti (Bian et al., 2005; Shin
et al., 2005), survival of adult mosquitoes after fungal in-
fections is compromised in a dsRel1 context (C.F., un-
published data). These results are compatible with the
proposal thatAnopheles can regulate NF-kB-dependent
immune responses via signaling cascades equivalent to
the well-established Toll and Imd pathways of Drosoph-
ila. Constitutive expression of NF-kB-dependent genes
has not been formally reported in Drosophila, but most
of the studies in the fruit fly were centered on the
strongly inducible antimicrobial peptides and may
therefore have missed a constitutive facet. Moreover,
the immune responses are often tailored to the nature
of invading microorganisms. The life cycles and modus
operandi differ dramatically within and between bacte-
rial, fungal, and protozoan species. Our previous results
suggested that neither oocysts nor sporozoites are sen-
sitive to the TEP1-mediated killing (Blandin et al., 2004).
Here, we extend this observation and note that Cactus
depletion after infection has no effect on oocyst devel-
opment (data not shown). Based on these observations,
we posit that the mosquito antiparasitic responses, as
illustrated here by TEP1 and LRIM1, are lethal to the par-
asite during a very short window of time. This period
extends from the time of the first contact of the ookinete
with the mosquito blood on the basal side of the midgut
to the transformation of the ookinete into an oocyst,
probably covering not more than a couple of hours in
the case of an individual ookinete.
Finally, it is of interest to note that in the study of Mei-
ster et al. (2005), knockdown of Rel2 resulted in a 2-fold
increase in the load of midgut parasites. In our Rel2-de-
pletion studies, we were unable to detect any marked
change in parasite numbers. As different strategies
were used for Rel2 silencing (see Experimental Proce-
dures), further experiments will be needed to resolve
this apparent discrepancy.
In conclusion, our study reveals that a constitutive
NF-kB-dependent synthesis of a complement-like pro-
tein in the blood cells prior to infection plays a crucial,
though not unique, role in killing invading parasites at
the basal side of the midgut. The potentials of this basal
defense are dramatically highlighted by the observation
that boosting the defense through knockdown of the
inhibitor protein Cactus renders mosquitoes totally
refractory to the Plasmodium parasites.
Experimental Procedures
dsRNA Production and Silencing
Cactus EcoRI-HindIII 713 bp long fragment was cloned from the EST
library (Dimopoulos et al., 2000) clone 4A3A-AAT-A-11 into pLL10
vector, resulting in pLL139. Rel1 fragment was PCR amplified fromthe cDNA phage library (Arca et al., 1999) with primers AG165 (50-
AAAAAGCAGGCTGCAACAGAACCCGTTCAACT-30) and AG166 (50-
AGAAAGCTGGGTGAATGGATGCTTACGGGCTA-30) and cloned into
pGEM-T Easy Vector (Promega), then subcloned as a 680 bp long
Sst II-Pst I fragment into pLL10 resulting in pLL142. Fragment corre-
sponding to the Rel homology domain of Rel2 was amplified from
cDNA templates prepared from P. berghei-infected mosquitoes
(G3 strain) with primers AG161 (50-AAAAAGCAGGCTGCAACAGCA
GCAACAACATC-30) and AG162 (50-AGAAAGCTGGGTCACAGGCAC
ACCTGATTGAG-30) and cloned into pGEM-T Easy Vector (Promega),
then subcloned into pLL10 as a 760 bp long Sst II-Pst I fragment,
producing pLL164. Fragment corresponding to the ankyrin domain
of Rel2was amplified from the clone 22BD05 of the Gateway system
(Invitrogen) immune library (S.Wyder, S.-H. Shiao, C.K. Kappler, N.
Ibrahim, N. Baldeck, C.F., and E.A.L., unpublished data) with primers
AG163 (50-AAAAAGCAGGCTCCGAACGATCGCAACGAAAC-30) and
AG164 (50-AGAAAGCTGGGTCCTCGTCTTCCTCCTCCTC-30) and
cloned into pGEM-T Easy Vector (Promega), then subcloned into
pLL10 as a 651 bp long SpeI-EcoRI fragment, producing pLL162.
LRIM1 fragment was cloned (718 bp EcoRI-HindIII fragment) from
the clone 95AG06 of the Gateway immune library into pLL10, produc-
ing pLL230. Plasmids pLL10, pLL17 (dsTEP1), and pLL100 (dsLacZ),
and the synthesis of dsRNAs were as previously described (Blandin
et al., 2004). One-day-old female mosquitoes were injected with
0.2 mg of dsRNA using a Nanoject II injector (Drummond). Multiple
knockdown experiments were performed by injecting mixtures of
3 mg/ml solutions of each dsRNA (thus augmenting the volume of
injections). As Rel2 was reported to be encoded by at least two
alternatively spliced forms (Meister et al., 2005), dsRNA targeting se-
quences encoding both Rel homology and ankyrin-repeat domains
were used to knockdown all isoforms. Effect of silencing on gene
transcriptional expression was analyzed 6 hr after dsRNA injection
by quantitative real-time PCR (Tables S1 and S2).
Phenotypic Analysis of dsRNA-Injected Mosquitoes
Anopheles gambiae G3 strain rearing and maintenance was carried
out at 28C, 75%–80% humidity, 12/12 hr light/dark cycle. In each in-
fection experiment, mosquitoes were fed on anaesthetized ICR mice
that had been infected either with the P. berghei GFP-con 259cl2 or
with 2.34 clones (Franke-Fayard et al., 2004). Parasitaemia in mice
was assayed by Diff-Quik I-stained blood smears for proportion of
infected red blood cells and differentiated gametocytes and by
a FACS analysis of GFP parasites (10,000 red blood cells per in-
fected mouse). Mosquito midguts were dissected 18, 24, 48 hr,
and 10 days after infection and fixed in 4% formaldehyde. Immuno-
fluorescence analysis was as previously described (Blandin et al.,
2004). Parasite numbers were scored using a Zeiss fluorescence
microscope (Axiovert 200M) equipped with a Zeiss Apotome mod-
ule. Optical sections were reconstructed and analyzed using an
Axiovision 4.4 software (Zeiss). Statistical analysis of results of
infections was performed using Kolmogorov-Smirnov goodness of
fit test, and differences between groups were evaluated by Mann-
Whitney test using GraphPad Prism version 4.0c for Mac OSX
(GraphPad Software). For immunoblotting, hemolymph protein ex-
tracts from 15 mosquitoes were separated using 6% SDS-PAGE.
Protein transfer and antibody incubations were performed as previ-
ously described (Levashina et al., 2001).
Hemocyte Microscopic Analysis
Hemocytes were labeled with FITC-conjugated annexin V-FLUOS
labeling solution (Roche Diagnostics GmbH). Dissected abdominal
cuticles were incubated for 10 min in 50 ml of annexin V and fixed
with 4% formaldehyde. After PBS washes and incubation with
anti-TEP1 polyclonal antibody (1/300) as previously described
(Levashina et al., 2001), preparations were stained with DAPI and an-
alyzed using the Zeiss microscope equipped with the Apotome
module. The localization of TEP1 and annexin V and the intensity
of TEP1 signal was monitored on the reconstructed images using
Axiovision 4.4 software (Zeiss). Exposition time in each experiment
was set up to the time calculated for the strongest TEP1 signal, ex-
cept for dsCactus 18 hr postinfection, where a 5-fold shorter time
was used to avoid overexposure.
NF-kB-Dependent Basal Immunity in A. gambiae
685Quantitative Real-Time PCR
Total RNA of 10 mosquitoes was extracted with Trizol reagent (Invi-
trogen) at different time points after injection of dsRNA and/or infec-
tion and 2 mg of total RNA was reverse transcribed using M-MLV
enzyme and random primers (Invitrogen). Specific primers were
designed using PrimerSelect (DNA Star).
Cactus—forward AG211 (50-GAACGGCTGCGCTTTAACA-30), re-
verse AG212 (50-TCGTTCAAGTTCTGTGCAAGTGT-30);
Rel1—forward AG221 (50-TCAACAGATGCCAAAAGAGGAAAT-30),
reverse AG222 (50-CTGGTTGGAGGGATTGTG-30);
Rel2—forward AG225 (50-CGGGCAGAGGGAAGCAT-30), reverse
AG226 (50-AGGCCCGCTCACCGTT-30);
Cecropin1—forward AG374 (50-CCAGAGACCAACCAACCACC
AA-30), reverse AG375 (50-GCACTGCCAGCACGACAAAGA-30);
Cecropin3—forward AG376 (50-GTGCGCCGCGGTGGAAGT-30),
reverse AG377 (50-AATGACGGGCAGCGCTTTCTTAG-30);
Defensin1—forward AG372 (50-CATGCCGCGCTGGAGAACTA-
30), reverse AG373 (50-GATAGCGGCGAGCGATACAGTGA-30);
Gambicin—forward AG378 (50-GTTTGCTTACGCGCCGACTTGT-
30), reverse AG379 (50-AAACGCCCTTCCGGTTGAGATAG-30);
APL1—forward AG482 (50-GCCTGATCCAACCATACATACCA-30),
reverse AG483 (50-GGCTGAGTGCTATGAGGTAAATGTAC-30);
MC—forward AG280 (50-CTTTCGCATTCGACCCTATCA-30), re-
verse AG281 (50-CAATGCACCGCTACAGGATG-30).
A gene encoding a mitochondrial carrier (MC) protein
(ENSANGP00000020264) was used as an internal control in all
experiments involving infectious feeding. In contrast to rpS7, ex-
pression of this gene is not affected by Plasmodium. TEP1,
LRIM1, CTL4, SRPN2, and rpS7 (internal control for noninfectious
experiments) primers were as previously reported (Blandin et al.,
2004; Michel et al., 2005; Osta et al., 2004). The PCR reactions
were assembled using iQ SYBR Green Supermix and run on an
iCycler (BioRad) according to the manufacturer’s instructions.
Supplemental Data
Supplemental Data for this article include one figure and two tables
and can be found with this article online at http://www.immunity.
com/cgi/content/full/25/4/677/DC1/.
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